













































exploitation,	 density-dependence	 and	 the	 wider	 environment.	 While	 tactical	 management	 is	 still	17	
dominated	by	 single-species	models	 that	 do	 not	 explicitly	 account	 for	 these	 drivers,	more	 holistic	18	
ecosystem	 models	 are	 used	 in	 strategic	 management.	 One	 way	 forward	 in	 this	 regard	 is	 with	19	





individuals	 acquire	 and	use	 energy	 depend	on	 local	 food	 availability	 and	 temperature.	 Their	 state	25	
variables,	 including	 life	 stage,	 size	 and	 energy	 reserves,	 are	 updated	daily,	 from	which	population	26	
structure	and	dynamics	emerge.	To	demonstrate	the	use	of	the	model	we	calibrate	it	for	mackerel	27	
(Scomber	scombrus)	in	the	North	East	Atlantic.	Most	parameters	are	taken	from	the	literature,	except	28	
the	 background	 early	 mortality	 rate	 and	 the	 strength	 predator	 density	 dependence,	 which	 were	29	


























































































































































































































































































































Parameter	 SSB	 Recruitment	 TEP	
Normalizing	constant	for	AMR	(A0)	 0.14	±	0.07	 1.67	±	1.25	 1.31	±	0.64	




Maximum	consumption	rate	(Cmax)	 0.35	±	0.08	 1.19	±	0.50	 1.31	±	0.71	
Activation	energy	(Ea)	 0.24	±	0.10	 3.01	±	0.82	 1.38	±	0.72	
Half	saturation	constant	(h)	 0.22	±	0.07	 1.68	±	1.87	 1.53	±	0.81	
Bertalanffy	growth	constant	(k)	 0.17	±	0.09	 1.72	±	1.30		 1.06	±	0.51	




Asymptotic	length	(L∞)	 0.74	±	0.05	 1.44	±	1.04	 2.0	±	0.84	
Background	adult	mortality	(Ma)	 0.17	±	0.05	 1.65	±	0.98	 1.45	±	1.10	
Background	early	mortality	(Me)	 0.11	±	0.07	 9.0	±	1.90		 1.77	±	0.98	
Normalizing	constant	for	SMR	(S0)	 0.15	±	0.11	 1.46	±	0.94	 1.58	±	0.86	
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	325	
Figure	3.	Fits	of	the	best-fitting	1%	of	simulations	from	ABC	(transparent	lines	with	the	single	best-326	
fitting	simulation	in	black)	to	the	survey	indices	(red	circles)	of:	a)	SSB	from	the	International	327	
Ecosystem	Survey	in	the	Nordic	Seas	(IESSNS)	on	the	feeding	grounds	in	July-August	of	2010	and	328	
2012	to	2015;	b)	TEP	from	MEGS	in	2007,	2010	and	2013;	and	c)	recruitment	(see	Jansen	et	al.,	329	
2014).	Only	outputs	from	the	years	with	data	are	presented.	Outputs	and	data	were	each	330	
normalized	by	dividing	by	their	maximum	value.	R2	values	from	the	best-fitting	simulations	are	331	
presented	on	the	plots		332	
3.3	Model	validation	333	
To	validate	the	model,	we	compared	the	predicted	population	structure	to	data.	Fig.	4	shows	the	334	
model	predictions	and	data	averaged	over	2007	to	2015,	except	Fig.	4d	where	the	data	is	averaged	335	
over	1984	to	2013.	The	proportion	of	each	age	class	that	is	sexually	mature	in	February	is	shown	in	336	
Fig.	4a.	The	model	and	data	agree	that	most	individuals	reach	sexual	maturity	when	aged	two,	337	
although	there	is	more	variability	in	the	age	at	maturity	in	the	data.	Fig	4b	shows	the	age	distribution	338	
on	the	feeding	grounds	in	summer.	The	model	predicts	an	absence	of	one	or	two-year-olds.	The	data	339	
suggests	that	there	are	few	one	year	olds,	but	that	two	year	olds	are	among	the	most	abundant	age	340	
groups.	From	the	age	of	three	both	the	model	and	data	show	a	characteristic	type	3	survivorship	341	
curve,	i.e.	declining	abundance	at	age.	Fig.	4c	shows	the	mean	weight	at	age	three	to	ten	in	summer.	342	
The	model	matches	the	data	well,	albeit	with	a	slight	overprediction	in	older	individuals.	Fig.	4d	343	
shows	the	average	weight	of	36	cm	mackerel	(approximately	5	years	old)	from	April	to	September.	344	
The	model	and	data	show	a	similar	increase	in	weight-at-length	each	month.	Figs.	4e	and	f	show	345	
length	distribution	in	ICES	division	6a	(West	of	Scotland)	in	quarters	1	(Q1)	and	4	(Q4).	The	346	
distributions	have	multiple	modes,	each	representing	a	cohort.	Predicted	modal	length	of	ages	zero	347	
to	two	are	all	matched	to	within	one	cm,	other	than	age	two	in	Q1.	However,	within	each	cohort	348	
predicted	length	has	considerably	less	variability	than	the	data.	Overall	the	model	matches	the	349	
observed	population	structure	well,	which	supports	our	representation	of	the	energy	budget.	350	
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	351	
Figure	4.	Comparisons	of	the	IBM	predictions	with	various	data	averaged	over	2007	to	2015	on:	a)	352	
proportion	mature	at	age	from	sampling	of	commercial	catches	in	quarter	1;	b)	the	age	distribution	353	
on	the	feeding	grounds	in	July	from	the	International	Ecosystem	Survey	in	the	Nordic	Seas	(IESSNS);	354	
c)	the	average	weight-at-age	from	the	IESSNS	in	July;	d)	monthly	variation	in	the	average	weight	of	355	
36	cm	fish	(Olafsdottir	et	al.,	2016);	and	e)	and	f)	length	distributions	from	the	Scottish	West	Coast	356	
International	Bottom-Trawl	Survey	(SWC-IBTS)	in	quarters	1	and	4	respectively.	Dots	show	mean	357	
values	and	whiskers	the	standard	deviation	358	
3.4	Hypothetical	management	scenarios	359	
To	demonstrate	how	the	model	may	be	used	in	a	management	context,	we	simulated	two	360	
hypothetical	scenarios,	in	which	ICES	division	4a	was	(1)	closed	year-round	and	(2)	open	year-round,	361	
in	addition	to	the	baseline	(closed	15th	February	to	1st	September).	Figs.	5a	–	c	show	how	SSB,	362	
recruitment	and	the	length	distribution	of	large	individuals	(≥	33cm)	on	February	1st	differ	under	363	
each	scenario.	Fig.	5d	shows	the	proportion	of	adults	in	division	4a	averaged	over	each	month	of	the	364	
year	for	reference.	SSB	and	recruitment	are	highest,	and	length	distribution	is	more	skewed	towards	365	
large	individuals,	when	division	4a	is	closed,	followed	by	the	baseline	then	open.	These	results	are	366	
expected	but	highlight	the	model’s	ability	to	test	the	consequences	of	spatial	management	367	
scenarios.				368	
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	369	
Figure	5.	Simulated	a)	SSB,	b)	recruitment	and	c)	length	distributions	of	large	(≥	33cm)	fish,	all	on	370	
February	1st,	when	ICES	division	4a	was	open	to	fishing	year	round	(open),	open	to	fishing	only	from	371	
Feb	15th	to	Sep	1st	(baseline)	and	closed	year	round	(closed).	Predictions	are	averaged	over	five	372	
simulations	in	each	scenario.	Panel	d)	shows	the	mean	proportion	of	the	population	in	division	4a	in	373	
each	month	of	the	year,	averaged	over	15	simulations,	with	error	bars	showing	standard	deviations.	374	
Panel	e)	shows	the	location	of	division	4a.	375	
4	Discussion	376	
We	have	developed,	calibrated	and	evaluated	a	generic	IBM	which	relates	fish	population	dynamics	377	
and	structure	to	spatial	and	temporal	variation	in	food	availability,	temperature	and	exploitation.	378	
Key	features	of	the	model	are	that	it	(1)	includes	a	realistic	energy	budget;	(2)	includes	the	full	life	379	
cycle;	(3)	is	spatially-explicit	and	(4)	incorporates	satellite	remote-sensing	(RS)	data	to	represent	the	380	
environmental	drivers.	To	demonstrate	the	use	of	the	model	we	calibrated	it	for	mackerel	in	the	381	
North	East	Atlantic	and	showed	it	successfully	matches	the	available	data	on	population	dynamics	382	
(Fig.	3)	and	population	structure	(Fig.	4).	We	then	showed	the	model’s	ability	to	test	the	population	383	
consequences	of	simple	hypothetical	management	scenarios	(Fig.	5).	384	
Model	fits	to	the	data	on	mackerel	population	structure	(Fig.	4)	give	insight	into	how	well	different	385	
aspects	of	the	energy	budget	are	represented.	For	example,	we	consider	growth	in	length	to	be	386	
reasonable	because	individuals	reach	sexual	maturity	at	about	the	right	age	(Fig.	4a),	which	is	387	
determined	by	length,	and	because	the	modes	of	the	length	distribution	of	different	cohorts	match	388	
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well	at	two	different	times	of	year	(Figs.	4e	and	f).	However,	there	is	less	variability	in	the	predicted	389	
length	of	individuals	in	a	cohort	than	in	the	data.	One	reason	could	be	that	each	cohort	in	the	model	390	
is	represented	by	a	small	number	(ten)	of	super-individuals,	chosen	for	computational	reasons.	We	391	
consider	growth	in	mass	to	be	reasonable	because	predicted	weight-at-age	in	summer	matches	the	392	
data	well	(Fig.	4c).	Storage	of	lipid	when	feeding	in	summer	is	reflected	in	increased	weight-at-length	393	
and	is	supported	by	the	good	model	fit	to	data	on	the	monthly	variation	in	the	weight	of	36cm	394	
individuals	(Fig.	4d).	Lastly,	total	mortality	is	reasonable	because	the	adult	age	distribution	in	395	
summer	is	matched	well	(Fig.	4b).	The	model	also	fits	data	on	the	mackerel	population	dynamics	that	396	
were	used	for	calibration	well	(Fig.	3).	However,	it	is	because	they	were	not	used	for	calibration	that	397	
we	consider	the	data	on	population	structure	to	support	our	energy	budget	structure.			398	
The	main	advantage	of	the	IBM	approach	is	that	it	provides	a	single	framework	that	can	explicitly	399	
incorporate	food	web	interactions,	environmental	drivers,	density	dependence	and	spatial	400	
structuring.	This	allows	the	model	to	capture	two	key	processes	that	affect	recruitment	in	many	401	
species.	Firstly,	the	model	captures	the	generally-accepted	“growth-mortality	hypothesis”	402	
(Anderson,	1988;	McGurk,	1986;	Ware,	1975).	Larval	and	juvenile	background	mortality	decreases	403	
with	body	size.	As	a	result,	cumulative	survival	in	a	cohort	depends	on	its	growth	rate,	and	hence	404	
food	availability,	temperature	and	the	density	of	competitors.	The	predator-prey	size	ratio	also	405	
dictates	that	individuals	become	less	vulnerable	to	explicit	predation	with	increasing	size.	Secondly,	406	
the	model	captures	the	effects	of	parental	condition	on	spawning	success,	which	has	been	shown	for	407	
many	taxa	(Mcbride	et	al.,	2015).	The	initial	abundance	of	a	cohort	(i.e.	the	number	of	eggs	initially)	408	
depends	on	the	amount	of	energy	the	spawning	stock	is	able	to	accumulate	before	spawning.	This	409	
depends	on	the	history	of	food	availability,	temperature	and	density	of	competitors	when	adults	410	
were	last	feeding	(see	TRACE	section	8	for	more	details).	In	sum,	recruitment	in	the	model	emerges	411	
from	parental	condition	and	early	survival.	Predictions	are	process-based	and	should	be	less	412	
vulnerable	to	the	problems	of	extrapolation	than	those	obtained	from	standard	stock-recruitment	413	
curves.	414	
We	hope	the	model	will	be	used	to	explore	the	effects	of	multiple	ecosystem	drivers	in	future.	We	415	
have	demonstrated	its	ability	to	test	the	population	consequences	of	management	scenarios	by	416	
simulating	hypothetical	fishery	closures	in	one	sector	of	the	North	Sea.	These	simple	scenarios	417	
produced	expected	population	responses	(Fig.	5),	but	highlight	how	it	may	be	applied	going	forward.	418	
This	feature	is	in	demand	because	spatial	management	in	fisheries	is	increasingly	prevalent	(Halpern	419	
et	al.,	2012),	whether	as	no-take	zones	like	marine	protected	areas,	or	more	nuanced	measures	such	420	
as	spatially-explicit	quotas	(Rassweiler	et	al.,	2012).	Alongside	the	effects	of	fishing,	the	model	could	421	
also	be	used	to	explore	the	effects	of	climate	change.	This	may	involve	coupling	the	model	to	lower	422	
trophic	level	biogeochemical	and	hydrodynamics	models,	which	can	provide	various	forcing	variables	423	
under	climate	change	scenarios.	One	particular	application	could	be	to	investigate	change	in	fish	424	
distribution	in	response	to	increasing	in	SST,	and	its	implications	to	management.	425	
Although	we	parameterised	the	model	for	mackerel	in	the	North	East	Atlantic,	it	should	be	426	
applicable	to	other	species	and	locations.	This	is	because:	(1)	the	energy	budget	is	based	on	427	
fundamental	principles	of	behavioural	and	physiological	ecology	and	incorporates	generic	laws	for	428	
the	scaling	of	energy	uptake	and	expenditure	with	body	mass	and	temperature	(Sibly	et	al.,	2013);	429	
(2)	it	captures	key	processes	that	relate	the	environmental	drivers	to	the	population	structure	and	430	
dynamics	of	many	species,	such	as	the	effects	of	parental	condition	and	early	survival	on	431	
recruitment;	and	(3)	the	RS	data	is	freely-available	and	has	global	coverage.	Although	RS-based	432	
estimates	of	SST	and	chlorophyll	come	with	a	certain	level	of	uncertainty	associated	with	the	433	
satellite	retrievals,	the	level	of	these	random	errors	are	generally	bounded	(often	<30%,GCOS	434	
2011)).	Moreover,	with	the	continuous	improvement	of	the	quality	of	satellite	data,	the	error	435	
propagation	through	the	model	arising	from	the	model	inputs	will	be	greatly	reduced.	As	such	we	436	
hope	that	the	model	location	and	extent	can	be	changed	to	utilize	the	satellite	data	matching	the	437	
distribution	of	the	chosen	species,	and	that	it	will	be	mainly	the	values	of	the	parameters	that	will	438	
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need	to	be	changed	for	different	species,	many	of	which	can	be	found	at	FishBase.	The	model	should	439	
also	be	able	to	accommodate	multiple	species,	because	interactions	can	occur	via	density	dependent	440	
effects	on	ingestion,	or	by	explicit	size-based	predation.	Unlike	previous	generic	marine	fish	IBMs,	441	
e.g.,	OSMOSE	(Shin	and	Cury,	2004,	2001),	our	model	includes	bioenergetics,	and	we	hope	it	will	442	
provide	a	step	towards	broadly	applicable	bioenergetics	IBMs.			443	
The	main	caveat	of	our	generic	approach	is	that	fish	populations	exhibit	a	wide	range	of	spatial	444	
patterns	that	vary	over	their	ontogeny	and	thus	it	is	not	possible	to	provide	a	generic	movement	445	
sub-model.	Users	will	need	to	devise	algorithms	appropriate	to	the	species	being	modelled.	In	this	446	
study	we	approximated	spawning,	feeding,	overwintering	and	nursery	areas	geographically	from	447	
various	sources.	We	were	able	to	further	delineate	these	areas	by	environmental	features,	such	as	448	
SST	and	depth,	using	information	on	S.	scombrus	from	the	literature.	However,	in	the	current	model	449	
formulation,	movement	within	each	habitat	type	follows	a	random	walk,	and	migration	triggers	are	450	
hard-wired.	One	goal	of	future	work	should	be	to	develop	a	more	realistic	movement	model.	For	451	
example,	the	approach	of	Politikos	et	al.	(2015)	could	be	followed,	using	survey	data	on	the	spatial	452	
distribution	of	a	species	to	construct	environmentally-driven	movement	algorithms.	Moreover,	the	453	
delineation	of	different	habitat	types	could	be	informed	by	habitat	suitability	modelling	(e.g.	Brunel	454	
et	al.,	2017;	Morris	and	Ball,	2006).	In	this	way	a	population’s	spatial	distribution	can	become	an	455	
emergent	feature	of	the	model	just	as	its	population	dynamics	are	now.		456	
IBMs	can	play	an	important	role	in	conservation	planning	and	wildlife	management	(McLane	et	al.,	457	
2011),	and	we	hope	that	this	work	will	benefit	the	fisheries	management	community.	IBMs	458	
represent	a	single	framework	in	which	food-web	interactions,	density	dependence,	spatial	459	
structuring	and	the	wider	environment	can	be	incorporated,	thus	being	consistent	with	the	460	
ecosystems	approach	to	fisheries	management.	The	effects	of	these	drivers	on	fish	populations	461	
typically	arise	from	their	effects	on	the	constituent	individuals	(Ward	et	al.,	2016).	Explicit	462	
incorporation	of	these	drivers	makes	IBMs	an	improvement	on	age/size	structured	models.	The	basis	463	
for	our	model	is	a	realistic	energy	budget,	which	represents	a	mechanistic	framework	by	which	the	464	
ecosystem	drivers	affect	the	characteristics	of	the	individuals.	Population	measures	are	then	465	
calculated	as	the	sum	of	these	characteristics.	This	means	that	predictions	of	population-level	466	
processes	such	as	recruitment	emerge	rather	than	being	parameterised.	Going	forward	our	model	467	
can	be	used	to	address	several	strategic	management	questions,	including	the	population	468	
consequences	of	different	management	and	environmental	scenarios.		469	
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